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Abstract. The paper analyzes the thermophysical
properties of 25 %, 37 %, and 45 % aqueous solutions of
propylene glycol for heliosystems as heat carriers. A
computer simulation of the movement of these coolants in
the pipe space of the heliosystem, with a constant velocity
V'=0.93 m/s, was carried out. Using classic numerical
empirical  equations, the  thermophysical and
hydrodynamic characteristics of these glycol solutions in
the temperature range of 243-373 K were found. The
distribution of velocity vectors in the “live section” of the
tubular space of the solar system follows a quadratic
parabola, while the distribution of turbulent heat
conductivity and, accordingly, temperatures follows a
cubic parabola. A cubic numerical equation, the real root
of which 1is the dimensionless number Bly», Wwas
analytically derived for determining heat transfer
coefficients of coolants at any temperature and velocity in
the turbulent regime. The distribution of turbulent thermal
conductivities ks (W/m-K) (as well as temperatures, 7
(K) and velocities V (m/s) in a flow with free turbulence
for an aqueous solution of 37 % propylene glycol at an
axial velocity in the center of the flow core V'=0.93 m/s is
shown graphically at a temperature of 343 K in the pipe
space of the heliosystem with a diameter D = 0.021 m. A
relation for finding Bl,» numbers for transient modes of
motion is obtained, which is mainly implemented in
heliosystems.

Keywords: transient, turbulent viscosity, thermal
conductivity, average thickness of the laminar boundary
layer (LBL), surface tension coefficient of the coolant,
analytical cubic numerical equation.

1. Introduction

In the modern realities of the global world political
and economic crisis, renewable energy sources come to
the fore in the energy sector of Ukraine. Actually, thermal
generation, which is based mainly on fossil fuel — coal — is
completely destroyed; that is, thermal power plants are
essentially beyond repair, and their restoration is not
advisable for a number of reasons. First of all, such
thermal power plants are very vulnerable to the future,
since the energy capacities are concentrated in a relatively
small area. Secondly, this type of energy is already
completely out of date, as it creates significant
environmental problems. Thirdly, it is very energy-
consuming and in market conditions implies high
electricity prices for both industrial and household
consumers.

In the current conditions, liquid-phase heliosystems
(solar collectors) that do not require large energy costs for
their production and do not carry any environmental
problems, such as, for example, solar panels, which
require significant capital investments for their disposal,
are almost the first place when applied for about 50 years,
i. e, in the future. In addition, such energy objects are
scattered and cannot be destroyed at once. In addition,
solar collectors have much higher efficiency (about 90 %),
while, for example, solar panels’ efficiency is less than
25 %.

The operation of solar collectors has a number of
features. It is advisable to operate such solar systems in
winter at sub-zero temperatures, when the water
crystallizes and needs to be replaced. For this reason, in
solar systems, aqueous solutions of glycols are used
(ethylene glycol, propylene glycol, efc.), which
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significantly lower the crystallization temperature. At the
same time, the addition of glycols significantly increases
the dynamic viscosity coefficient and, as a result, reduces
the coolants’ velocity and, accordingly, the heat transfer
coefficient. For this reason, aqueous solutions of glycols
(ethylene glycol, propylene glycol, etc.) are used in solar
systems. In food technologies, it is advisable to use
aqueous solutions of propylene glycol, since ethylene
glycol is somewhat toxic and its contact with food
products is not permissible. The most common are
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aqueous solutions of propylene glycol with concentrations
of 25 %, 37 %, and 45 %, the crystallization temperatures
of which are 263 K, 253 K, and 243 K, respectively.

In order to compensate for the shortcomings of
glycols, researchers currently use them in combination
with various nanofluids, which significantly improve the
thermophysical properties of both water and aqueous
solutions of glycol. Moreover, the effect of nanofluids as
an additive to the base fluid is more favorable for glycols
than for water (Fig. 1).!
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Fig. 1. Comparison of the increase in thermal conductivity in 4 vol. % SiC nanofluids
with EG/H,O (50:50) and H,O as base fluids at different nanoparticles sizes:
1-16 nm; 2-28 nm; 3-66 nm; 4-90 nm. It can be seen from (Fig. 1)
that the basic aqueous solution of ethylene glycol with the EG/H20 ratio of 50:50
and the addition of SiC nanofluid has different average diameters of nanoparticles
in the range of 16-90 nm and behaves approximately more efficiently (by 25-30 %) than water

To optimize the qualitative and quantitative
composition of nanofluid additives to coolants, most
researchers on this issue proceed through empirical
determination of the thermophysical quantities of
nanofluids by generalizing many experimental data. These
problems were investigated in our previous works.? 3 Such
an empirical approach is also included in the change of
numerical calculation equations for the use of nanofluids.
At the same time, numerical equations acquire complex
forms and are difficult to calculate (see Tables 1, 2).3 In
addition, to use new nanoliquids, for example, to increase
the efficiency of solar collectors, it is necessary to first
conduct expensive and time-consuming experiments to
generalize empirical data into criterion numerical
equations, and only then it will be possible to theoretically
calculate and design such solar systems.

We would like to raise another issue that we believe
to be very important. Heat exchange equipment, which is
widely used in various industries, including food, chemical,
and pharmaceutical technologies, typically operates in
turbulent (7)) or transitional (77) modes of heat transfer fluid
movement, as they are significantly more efficient due to
their relatively high velocity. Therefore, the movement of
coolants should be considered not in static terms, but in
dynamic terms, i. e., molecular (stationary) characteristics
of coolants should not be used. Molecular characteristics
describe the thermal motion of molecules in a liquid
coolant, rather than the turbulent motion of flows involving
a convective component, where the turbulent viscosity and
thermal conductivity of heat agents are several orders of
magnitude higher than molecular ones. For the first time,
such an approach to the interpretation of turbulent viscosity
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was given in his works by the French scientist J.
Boussinesq, who proposed to consider turbulent fluid flow
as “Newtonian” and suggested that the behavior of free
fluid jets is the result of the combined action of surface and
gravitational forces.

In solar collectors, propylene glycol solutions have
a relatively high viscosity, which limits high flow rates. It
is important that for the efficient operation of solar
systems, it is necessary to ensure the maximum possible
heat transfer coefficient. On the one hand, at the
maximum possible velocities of coolants, we have high
heat transfer coefficients. On the other hand, high
velocities require large hydraulic resistances and are also
limited by the high viscosity of coolants.

To accurately calculate the optimal operation of the
solar system, it is necessary, in our opinion, to come across
the boundary between laminar (L) and 77 modes, where we
have a relatively low velocity, but there is a significant
turbulence of the flow, which strengthens the convective
component and increases the overall heat transfer
coefficient. A detailed analysis of this 77 is made in article.’
Article® presents the experimental dependence of the
friction coefficient f on the Reynolds number in the range of
3000 < Re < 10000, i. e., within the limits of the existence
Tr regime. We are interested in this range of Reynolds
numbers for the use of aqueous solutions of propylene
glycol of three concentrations. It should be noted that the
coefficients f, which are responsible for the mechanical
component of the friction force, were studied in article.* On
the other hand, under the conditions of vibrational
microdisplacements, an important role is played by the
adhesive component of the frictional forces,” which in
aviation engineering is determined taking into account the
surface energy of the metal.® Such an approach is no less
important for liquid coolants.>? It turned out that the
classical numerical equations used for the calculation and
design of liquid heat exchangers, in particular solar
collectors, are insensitive to the characteristics of the
surface of heat carriers, since they do not contain a series of
similarity numbers with such characteristics. At the same
time, such a calculation is inaccurate and does not reflect
the real picture of heat exchange when using glycols, as
well as with the addition of nanofluids.> >

Based on the above, it is currently relevant to search
for new analytical equations using turbulent values of
coolant flows, taking into account surface characteristics for
quick, convenient calculation and design of modern
heliosystems, in particular with the use of glycols.

2. Experimental

The main idea of computer experiments
(simulations) was to carry out all calculations at a constant
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velocity (V' = 0.93 m/s) of heat carrier in the pipe space of
the heliosystem with a diameter D = 0.021 m to fix the
transitions of motion modes (L—77) and (7r—7T) from the
ratios between the main thermophysical characteristics of
flows when their temperature changes. We chose the
velocity V' = 0.93 m/s for the following reasons. At this
velocity, the given aqueous solutions of propylene glycol of
the specified concentrations in the specified temperature
range, I. e., their existence in the liquid phase state, have
two regime transitions L—77 and 7r—T. As is known, the
Reynolds number also depends on the velocity. A constant
velocity is necessary to see other patterns. If we
significantly change the velocity of the coolants, then in a
solution with a minimum concentration of 25 % in this
temperature range, the L regime disappears, and in a
solution with a maximum concentration of 45 % the T
regime disappears. For our computer modeling, it was
important to see the change in the hydromechanical
characteristics of the selected solutions in three regimes
when their temperature changes. Tables 1, 2, and 3 show
the main thermophysical characteristics of aqueous
solutions of propylene glycol with concentrations of 25 %,
37 %, 45 %, which are widely used in liquid solar systems,
depending on the temperature (columns 1-6). All further
calculations of the relevant thermophysical and
hydrodynamic characteristics were carried out in the system
of computer simulation of coolant flows.

Columns 7, 8 show the Reynolds and Prandtl
numbers with motion modes at a velocity of V= 0.93 m/s
in the tube space of the heliosystem with a diameter of
D=0.021 m. The crystallization temperatures of such
solutions are (263 K — 25 %), (253 K — 37 %), (243 K —
45 %).

Columns 9 (Tables 1-3) offer the friction
coefficients for modes L, Tr, and 7, calculated according
to various known empirical equations for individual
modes, respectively. For comparison, friction coefficients
were calculated for 7r and T modes according to various
known formulas (1) and (2) (Tables 1-3), numerator /
denominator, respectively.

fi=64/Re (L)

fi=0.316/Re*> (T, Tr) (1)
f,=64/Re (L)
£=(0.791n Re — 1,64) (T, T) )

Columns 10 present the heat transfer coefficients h,
which were calculated according to classical well-known
numerical equations for L, 7r and T modes, respectively
(Formulas (3-6)), where (3), the known Gnelinsky
formula for 7r and T modes of movement of heat carriers,
and (4, 5, 6) are known empirical equations for L, 7r and
T modes.
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Table 1. Thermophysical properties of a 25 % aqueous solution of propylene glycol
(crystallization temperature is 263 K, ¥'=0.93 m/s, D =0.021 m)*
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e The values in bold font indicate the boundaries of the L-Tr and Tr—T regime transitions. The critical values of the
numbers B! and Bl are highlighted on a gray background
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Table 2. Thermophysical properties of a 37 % aqueous solution of propylene glycol
(crystallization temperature is 53 K; V'=0.93 m/s, D = 0.021 m)*
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* The values in bold font indicate the boundaries of the L-Tr and Tr—T regime transitions. The critical values of the numbers
Bl and Bl are highlighted on a gray background
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Table 3. Thermophysical properties of a 45 % aqueous solution of propylene glycol
(crystallization temperature is 243 K; V'=0.93 m/s, D = 0.021 m)*
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* The values in bold font indicate the boundaries of the L-Tr and Tr-T regime transitions. The critical values of the numbers
Bl and Bl are highlighted on a gray background
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_ (0125 ))Re-1000)-Pr ()
1412.7-(0.125- /)" - (Pr%—1)
£i=0.316/Re0s 3)
Nu =0.17- Re %33 -Pr %4 [, mode (@)
Nu =0.008 "Re *- P04 Tr mode ®)
Nu = 0.021- Re %% - Pr- 04 T mode (6)

The following columns 11 (Tables 1-3) presents
the dimensionless coefficient of turbulence of the coolant
flow a, which was calculated from the Eq. (7):’

~ 1 r.hclassic _L . (7)
2Rel2-u-C, BI)

where /1 is the heat transfer coefficient, which was
calculated according to classical empirical equations for
Tr and T regimes (3), (4), (5), (6) a is the flow turbulence
coefficient, the experimental value of which is found in
the literature only for the air medium and is a = (0.05—
0.08).% Formula (7) for the theoretical derivation of the
turbulence coefficient a is presented in our paper.’

It should be noted that the ratio (7) includes the
heat transfer coefficient, which was previously calculated
on the basis of classical empirical equations (3)—(6),
which were compiled on the basis of powerful
experimental material of many independent authors.
Therefore, it should be assumed that the ratio (7), that is,
the theoretically calculated turbulence coefficient a, also
carries a powerful experimental load.

The following columns 12, 13 (Tables 1-3) present
the numbers B/ (Bilonoga number) and Bl (Bilonoga
turbulent number) (Formulas (8), (9) respectively).
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Detailed information on the derivation of these numbers
by the dimensional analysis method is provided in
works,®? respectively, and with their application to
nanofluid coolants in our previous works.? 3
K CP~1K:[Pa-s:m/S} (8)
o -cosf,,,. Pa-s
where Bl is a dimensionless number; u is a coefficient of
dynamic viscosity of the coolant, kg/m's; (cos Oyans = 1) is
a cosine of the angle (Surface hydrophilicity); Cp is a
specific heat capacity of the coolant, J/kg'K; o is a
coefficient of surface tension of the coolant, N/m;
Bl b::umrb.'\lcp'lK:[Pa'szm/s} (9)

e o -cosf,,, Pa-s m/s
where Bl is a dimensionless turbulent number; ft» 1S a
coefficient of turbulent viscosity of the coolant, kg/m-s.

In the following columns 14, 15, for the specified
simulated flows of coolants (Tables 1-3), the transient
kirans and turbulent &y, of thermal conductivity (Fig. 2) are
calculated according to the corresponding equations (10)
and (11).% Detailed information about these quantities is
presented in our previous works.®?

k C, 1K (10)
where kians 1s an average transient thermal conductivity in
laminar boundary layer (LBL).

k,,=k,.Bl,=pna~N2Re-C, W/m-K

tu trans T

Bl

m/s

=0 -

trans .

(11)
where a is the turbulisation coefficient, calculated in
columns 11 by formula (7).

0

kturb.

Fig. 2. Scheme of the movement of the coolant
in Tr or T regimes with the formation of a LBL

The next columns 16 (Tables 1-3) presents
computer calculations of the average thickness of the
LBL, which was calculated according to the formula (12),
derived by us in the paper,'® and found its further
application in the article.”

r

5LBL =

12
T (12)
where 075 is the average thickness of LBL, m, Bl is a
dimensionless turbulent number (Bilonoga turbulent
number), 7 is the radius of the pipe space, m.

+1

turb
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The following columns 17 (Tables 1-3) present the
computer calculation of the heat transfer coefficient 4,
calculated according to the formula (13)7-1° or (15):

-1
1) (r==6,,)
hNEW - [ LBL LBL ]

turb

(13)
trans
Formula (13) actually represents the sum of the
coefficients of thermal conductivity through the LBL and
the turbulent part of the coolant flow. Based on the
conclusion of formula (13), the thermal resistance of LBL
is equal to the thermal resistance of the turbulent part of
the coolant flow. That is, with an increase in the flow rate,
the average thickness of the LBL decreases, its thermal
resistance becomes smaller, and the thermal resistance of
the turbulent part also decreases proportionally due to
more intense turbulence (14):7- 10

ktmns — kturb — ktmns i Blturb (14)
r—=o6

S5 LBL r==56.

Based on formulas (12) and (13), the total thermal
resistance of the system, or the total heat transfer
coefficient for the flow with 7r or T regime can be
calculated by the simple relation (15):

LBL

In the L mode of the heat carrier movement,
formula (15) looks even simpler, since there is no
turbulence and the layer through which the amount of heat
must pass from the conventional axis of the center of the
flow is equal to the radius, and the ratio (15) turns into
(16):

(15)

NEWTr,

Py, = % (16)
r
Between the values of the turbulent thermal
conductivity ks and the transient thermal conductivity in
the LBL kyans there is an interdependence Blyum
(Tables 1-3) (17):% 23

B lturb = k

turb / ktmns (17)

The columns 7-17 are obtained through a
simulated computer experiment and are also made on the
basis of well-known classical numerical power and other
equations, which carry a powerful array of experimental
data from many independent authors. At the same time,
our analytical calculation of heat transfer coefficients
includes the previously derived similarity numbers
(columns 12, 13, Tables 1-3) B/ (Bilonoga number) and
Blu» (Bilonoga number turbulent, formulas (8), (9),
respectively).

For computer modeling, the New Microsoft Excel
Worksheet program was used, since it is convenient to
calculate all the hydromechanical characteristics presented
in Tables 1-3, having previously entered formulas for
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their calculation into the program. In addition, to enable
visual observation of changes and patterns, appropriate
graphs were constructed in the same program.

The analysis of the numerical data of the computer
simulation is presented below. It should be considered that
the results obtained by us in columns 7-17 in Tables 1-3
also carry powerful experimental material, since they were
obtained by using classical empirical equations and
verified by many experiments over many years.

3. Results and Discussion

It is characteristic of our simulation that for all
aqueous solutions of propylene glycol in the simulated
flow of the pipe space of the heliosystem (solar heat
exchanger with a diameter D=0.021 m and velocity
V= 0.93 m/s in the temperature range of 243373 K, this
flow has two mode transitions from L to 7r and further —
to 7, which can be clearly seen by evaluating the numbers
Reynolds (marked in bold, Tables 1, 2, 3). In Figs. 3-5
these limits are shown.

At the beginning of the simulation, by analogy with
the very precise and reliable experimental studies of the
authors of the paper,* we made a computer calculation of
the friction coefficients f (Tables 1-3, column 9)
according to known empirical ratios (1 and 2).

For all presented solutions in Tables 1-3 there is a
characteristic jump L—T7 of the regime transition. There
is a complete analogy between our computer simulation
and the experiments of work,* where at the conventional
point L—Tr of the mode transition, a sharp jump in the
friction coefficient is observed in the range of Reynolds
numbers 2300 < Re < 3000.

At the limit of the L— Tr regime transition in the
range of Reynolds numbers close to 3000 > Re > 2300,
the following dependencies can be seen (Tables 1-3):

1. When using the Gnelinsky formula (3) and
empirical power classical numerical Egs. (4)—(6), the
number Bl according to calculations approaches 1, i. e.,
Blturb ~ 1.

2. Based on relation (17), in this range of Reynolds
numbers, the turbulent thermal conductivity k.4 is close
to the average transient thermal conductivity in the LBL
ktmns, A e., ktrurb ~ ktrans.

3. Based on formula (12), the average thickness of
LBL will be equal to: d.p. = #/1+1. At the same time, it is
obvious that at such small values of the Reynolds number,
that is, at the beginning of the 7r regime, it occupies
approximately half the radius of the “live section” of the
flow.
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4. For all tables (Tables 1-3) at the boundary of the
L—Tr regime transition, the molecular number B/ at the
turbulent number Blu,» = 1 is approximately equal to 10,
i. e., Blyiticar = 10.47 (Marked in bold, Tab. 1-3). Such a
result led us to believe that the critical Bilonoga number
Bleviicar at the L—Tr regime transition, when the first
vortices of free turbulence appear in the flow, is
numerically equal to the so-called modified Reynolds
number on the surface of the LBL, which can be found in
literary sources using formula (18) and it varies in the
range N = (10.47-11.5).1

N = Vi O - P
u
where Vxis the average flow velocity in the LBL layer, m;
orsr is the average thickness of LBL, m; pis the heat
carrier density, kg/m3; u is the coefficient of dynamic
viscosity of the coolant, Pa-s.

The so-called turbulence constant N, which is today
called the friction Reynolds number, and which, based on
Prandtl's turbulence theory,'? '3 was derived by taking the
logarithm of the mixing velocity.

However, in our works, as well as in the works of
G. Reichardt,'*° no theories of turbulence were applied.
However, we came across a value identical in numerical
value after previously calculating the molecular number of
Bilinoga B/,” which, as it turned out in this work, at the
L—Tr regime transition at the turbulent number Blu» =~ 1,
is equal to: Blesiica = 10.47. At the same time, we used
only well-known thermophysical characteristics, which
are included in the number of B/ (formula 8), and this
pattern is observed for all three coolants (Tables 1-3). It is
very important that, using the concepts of molecular

(18)
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physics and surface physics, we come to an identical
result from the point of view of fluid mechanics, where
tangential stresses, mixing length, and logarithmization of
velocity in LBL according to Prandtl’s theory are
considered.'>'3 In our opinion, this shows that our
approach is constructive and correlates well with classical
fluid mechanics results.

5. From all three tables (Tables 1-3) it can be seen
that near the L—7r regime transition the values for all
values calculated according to Gnelinsky’s equation (3)
differ significantly from the values calculated according to
relation (5). In our previous study, we proved that it is not
possible to use equality (3) in the vicinity of this
transition, as it gives a false result (see Fig. 2).” Therefore,
at points close to the L—Tr transition, we take into
account only those values obtained from Eq. (5).

At the boundary of the 7r—T regime transition in
the range of Reynolds numbers close to 10000 > Re >
8000, the following dependencies are observed
(Tables 1-3):

1. Using Gnelinsky’s formula (3) and empirical
power classical numerical Eqs. (4)—6), the turbulent
number Bl is calculated to be close to the molecular
number Bl i. e., Bly, =~ Bl

2. The relation between turbulent and transient
thermal conductivity (17) is completely true, i. e., kyup =
ktrans~ B ltrurb

3. The average thickness of LBL, based on formula
(12), is equal to: drpr = r/Bl+1.

Interdependencies between molecular B/ and
turbulent Blu» numbers for all three propylene glycol
solutions are presented in (Figs. 3-5).

T 2
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= 8
B 6 A
o .
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B o
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2 0 = —————,
2 4
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S 263 273 283 293 303 313 323 333 343 353 363 373 1/
g 1966 3245 6970 13929 21623 28606 37442 Re
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—o—B|] —m—Blturb1 Bl turb 2

Fig. 3. Dependence of molecular number B/ and turbulent numbers Bly».
for an aqueous solution of propylene glycol (25 %), moving in a pipe space with D =0.021 m
of a heliosystem and ¥'=0.93 m/s from the Reynolds number in the temperature range of 263—373 K (Table 1)
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Fig. 4. Dependence of molecular number B/ and turbulent numbers Bl».
for an aqueous solution of propylene glycol (37 %), moving in a pipe space with D =0.021 m
of a heliosystem and = 0.93 m/s from the Reynolds number in the temperature range of 263-373 K (Table 2)
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Fig. 5. Dependence of molecular number B/ and turbulent numbers Bl+.
for an aqueous solution of propylene glycol (45 %) moving in a pipe space with D =0.021 m
of a heliosystem and "= 0.93 m/s from the Reynolds number in the temperature range of 263—373 K (Table 3)

It can be seen from Figs. 3, 4, and 5 how the graphs
intersect at the conditional points 7r—7 of the mode
transitions of all coolants for Reynolds numbers in the
small range 8000 < Re < 9000. This suggests that our
method can also be used to quickly search for the critical
transition points of the L—T7r and Tr—T regimes, and that
our results correlate well with the classical ones.

Based on the formula (18) and the values of the
modified Reynolds number N = (10.47-11.5),"" the
average flow velocity in the LBL (19):

N-u (10,5-11,5)-u
Orp " P Orp " P

Vy= (19)
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where J.p; is the average thickness of the LBL layer, m,
from relation (12); N = (10.47-11.5) is the modified
Reynolds number on the surface of the LBL.!!

And, finally, the main regularity: when the first
signs of turbulence appear, that is, the number B/ = 10.47,
and the number Blu» =~ 1 and further, as the temperature
increases, the number B/ gradually decreases, and the
number Bly» increases smoothly (Figs. 1-3) in the
temperature range where 77 and T regimes are present
(Tables 1-3), dependence (20) arises:

Bl Blus»=N=1047-115.  (20)

Numerous experiments show that the heat flux
density at each point is directly proportional to the
temperature gradient at that point, which is reflected by
the classical Fourier heat conduction equation (21):!7

jo-kL @1
dx
where jQ is the heat flow density, d7/dx is the temperature
gradient, k is the thermal conductivity of the medium.
Obviously, the temperature of the medium at a
certain point is directly proportional to the thermal
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conductivity of the medium at that point. Then the ratio of
temperatures in the center of the flow and in the LBL is
directly proportional to the ratio of turbulent thermal
conductivities in the center of the flow and transient
thermal conductivities in the LBL, and this statement is
analogous to the equation of the Reichardt distribution law
presented in known works'#16(22) (Fig. 6):

0,5
k T V
Blmrb — turb. — MAX :[_j (22)
ktmns /. T MIN VX
where k .k are the maximum and minimum

turb. > "Vtrans.
thermal conductivity in the center of the flow axis and in
the LBL, W/m'K; Tmax, Tmin are the maximum and
minimum temperature in the “live section” of the flow of
the coolant, V, Vy are the average flow velocity in the
center of the flow and in the LBL, respectively.

Such a distribution of velocities and temperatures
along the “live cross-section” of the flow in conditions of
free turbulence is also indicated by well-known
experiments in the theoretical work of G. L Taylor,
conducted by A. Fage and V. M. Falkner.'?

10
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Fig. 6. Distribution of temperatures and velocities in a flow with free turbulence according to H. Reichardt'* !¢

Based on the above, we write the following system
of three equations (23):

05
11 ¥
1) Bl E{V_‘} from (22)
N. ,5-11,5)- <
2) F;= LI ao i 1L 5.0 from (19) (23)
Spr - P Orpr " P
3) ) d 7 )
¥ | C
L TS from (I_i

We solve this system with respect to the number of
Blus., according to Viett’s formula, obtaining a cubic
numerical power Eq. (24):

2-N-BP>BP b +2-N-BP-BP s — Re = 0; or

2:(10.47-11.5)BP-BP s +2-(10.47-11.5)
BP-BPyw.——Re=0. (24)

Since the change in the product Bl-Bly» occurs in
proportion to the change in the Re number under the
influence of temperature, which in turn affects all the
thermal-hydrophysical parameters of heat carriers, then in
the cubic equation (24) we introduced an additional term
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through computer simulation, where Blu» is a power.
Then equation (24) turns into (25):
2-(10.47-11.5)'BP-BPu».+2-(10.47-11.5)

BPE-BP,. £ Rer Blyws — Re =0, (25)
where Re is the Reynolds number; N is the modified
Reynolds number in the LBL; Bl is the Bilonoga
molecular number (formula (8)); Blu.+» is the Bilonoga
turbulent number (formula (9)); Rew is the critical
Reynolds number equal to 2300.

Solving this cubic equation (online), we get one
real root — this is the Blu» number. The remaining two
roots are complex numbers that we do not take into
account. Next, using formula (12), we get the average

thickness s == =

LBL ; ;and finally, we determine the

+1

turb

heat transfer coefficient according to the formula (15)

k
ho = Ztrans |
NEWTr,T SLBL

Based on the above, we presented graphs of the
distribution of turbulent thermal conductivities along the
“live cross-section” of the tube space of the heliosystem,
as well as the distribution of velocities for a 37 % aqueous
solution of propylene glycol moving in the 7 regime with
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V'=10.93 m/s and D = 0.021 m at a temperature in the core
of the flow of 343 K (Fig. 7).

For this, we determined the distribution of
velocities along the “live section” of the pipe space of the
heliosystem, taking a step of 4= 1-10 m along the radius
r of the pipe from the axis to the left and right to the walls
(Fig. 7). In the center of the axis T of the core of the flow,
the velocity is maximum (¥ = 0.93 m/s) and it gradually
decreases, approaching zero on the inner surface of the
wall (left scale, Fig. 7).

Next, according to the velocity values, we calculated
the distribution of Reynolds numbers, since all other
parameters (density, pipe diameter, and dynamic viscosity
coefficient) remained constant for a particular 37 % aqueous
solution of propylene glycol at a temperature of 343 K. Next,
we inserted these values of the Reynolds numbers at the
points from the core axis of the heliosystem tube flow to the
walls into the cubic equation (24) we derived and found
(online) the only real value of the roots, i. e., the number of
Bilonoga turbulent Bl for each velocity vector,
respectively. Having received ten values of Blu,» and based
on formula (17), ten wvalues of turbulent thermal
conductivities ku» were calculated, respectively, from the
flow axis to the left and right to the walls (right scale, Fig. 7).

vV, mfs
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-V
o — 1 [ | 2
- 292 298 304 310 317 323 328 333 338 343
4
0.0 r-10'3,m
449 8 7 6 -5 -4 -3 -2-10 12 3 4 56 7 8 9|l

16

14

k turb, W/m*K

Temperature, K,

Fig. 7. Distribution of turbulent thermal conductivities k.,» (W/m-K) (as well as temperatures, 7, K)
and velocities V' (m/s) in a flow with free turbulence for an aqueous solution of 37 % propylene glycol
at an axial velocity in the center of the flow core "= 0.93 m/s at a temperature of 343 K
in the pipe space of the heliosystem with D =0.021 m

According to the obtained points both for the
values of turbulent thermal conductivities kturb and for
velocity vectors V plotted the distribution of velocities and
turbulent heat conductivities ku» to the left and right of
the center of the coolant flow axis (Fig. 7). According to
the classical Fourier equation of thermal conductivity
(21)," the distribution of temperatures along the radius of
the “live section” of the flow is directly proportional to the
distribution of thermal conductivities (turbulent). We
placed the scale of the corresponding temperatures in
degrees Kelvin, corresponding to the values of turbulent

thermal conductivities, below the graphs. (Color under the
graphs) (Fig. 7). If we consider a different coolant and a
different temperature in the center of the core, then the
layer-by-layer nature of changes in velocities and
turbulent thermal conductivities of this flow from the
center of the core to the walls will be similar.

It can be seen from (Fig. 7) that the graphs are
similar to the experimental results obtained by
H. Reichardt (Fig. 6), and A. Fage and V. M. Falkner, and
presented in works,'4'% 18 as well as classic works of
several authors, for example, B. A.Bakhmetev and
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L. G. Loitsyanskyi. The distribution of velocities is subject
to a square parabola, and the distribution of turbulent
thermal conductivities according to the numerical cubic
equation (24), (25), and, accordingly, of temperatures is
cubic (Fig. 7). This indicates the maximum correlation of
the results obtained by us in this and previous works,>>7-!1
based on the laws and characteristics of fluid physics and
surface physics with classical works obtained by many
authors from the standpoint of fluid mechanics and
compactly collected in monographs of H. Schlichning'
(see pages 706—707,752—753,741,747,749,754), including
the well-known works of H. Reichardt, G. Taylor and
many others. The advantages of the analytically obtained
equation (24), (25) in comparison with the classical
numerical empirical equations (3)—(6), in particular for the
calculation of heliosystems with nanofluid coolants, will
be considered by us in the following works with the
possibility of applying this approach in the calculations of
solid-gas systems, for example in conditions of filtration
drying 202!

We presented the analytical cubic numerical
equation (24), (25) for the general solution. However, in
heliosystems, the 7r regime is dominant. Therefore, for a
quick assessment and calculation of heat transfer
coefficients for 7r mode, you can use equation (20) and,
having obtained the value of the Blu» number according
to formulas (12), (15), find the value of the heat transfer
coefficient. For mode L, equality (16) should be used.
Column 18 shows the results of computer modeling for
determining the heat transfer coefficient according to the
new analytical cubic numerical equation (24), (25) that we
obtained, the numerical data of which correlate well with
the classical ones given in columns 17 (Tables 1-3). The
ratio between the new similarity numbers B/ and Bl
correlate well with the results of the modern works of
Italian specialists in the field of fluid mechanics
M. Quadrio and P. Ricco, in particular, are consistent with
their well-known work,”> where the dominance of the L
part of the flow over the turbulent part is theoretically
proven, that is, the L part of the flow completely controls
the T zone, which is clearly seen from the
interdependencies we derived (13—-17) in previous
works. 23711

4. Conclusions

1. Computer simulation of the movement of three
coolants (25 %, 37 %, 45 %) aqueous solutions of
propylene glycol in the pipe space of the solar system with
a diameter of D = 0.021 m and a constant velocity
J'=0.93 nm/s was carried out.

2. Two regime transitions (L—77) and (Tr—7)
occur in the three coolants in the temperature range of
243-373 K.
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3. The results obtained by us are similar to the
experimental results of H. Reichardt, as well as A. Fage
and V. M. Falkner, as well as classic works of several
other authors. The distribution of velocities in the general
flow of the heat carrier obeys a square parabola, and the
distribution of turbulent thermal conductivities and,
accordingly, temperatures, a cubic parabola. This testifies
to the maximum correlation of the results obtained by us
in this and previous works, based on the laws and features
of fluid physics and surface physics, with classical works
obtained by numerous authors from the standpoint of fluid
mechanics.

4. Friction coefficients were calculated in the
specified temperature range. During the mode transition
(L—Tr), jumps are formed in the same way as for the
classical experimental studies.

5. The critical points of mode transitions (L—7¥)
and (Tr—T) are fixed not only by the critical values of the
Reynolds numbers we are used, but also by the critical
values of the Bl and Bl» numbers (Figs. 3—5, where the
graphs intersect), i. e., Bl = Blys.

6. Based on the system of equations (23), a new
cubic numerical criterion equation (25) is constructed,
which is solved analytically with respect to the number
Bl and has one real root. Further, by solving the system
of equations (23), it is possible to analytically obtain the
values of the heat transfer coefficients.

7. Having obtained the values of heat transfer
coefficients by analytical method (bypassing laborious
and expensive empirical studies), it is possible to design
and build solar systems of appropriate performance, as
well as select effective coolants, in particular with
nanofluid additives. This approach will be the subject of
further research.

8. The correlation between the new similarity
numbers Bl and Bl correlates well with the results of
modern works by Italian researchers in the field of fluid
mechanics M. Quadrio and P. Ricco, where the
dominance of the L part of the flow over T was
theoretically proven, i.e., the L zone completely controls
the T part, which is clearly visible from the
interdependencies 13—17 derived by us in the previous
studies.
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TEINJIO®IBUYHUM AHAJII3 (25 %, 37 %, 45 %)
BOJIHUX PO3UYMHIB NPOINLJIEHTJIIKOJIIO
IS TEJJIOCUCTEM TA iXHINA
AHAJITUYHUMA PO3PAXYHOK

Anomauyin. YV pobomi npoananizogano meniogizuuni enacmu-
6ocmi 600HUx posuunie (25 %, 37 %, 45 %) nponinenenikonto 0as 2enio-
cucmem ik menioHociis. 30iCHEHO Komn TomepHe MOOeNOEAHHSL PYXY Yux
MENIOHOCII8 Y mpYOHOMY NPOCMOpI 2efliocucmemu 3i CMaio WEUOKICHI0
V' = 0,93 m/c 3a 00n0M02010 KIACUYHUX YUCTOBUX EMAIIPULHUX DIGHSHb OIS
3HAXO0OXCEHH  MEeNnIoPIi3uUnUx i
B600HUX PO3UUMIE BKA3AHUX 2NiKONi6 ) inmepsani memnepamyp 243—-373 K.
Posnooin sexmopie weudkocmeti y “scugomy nepepizi’”’ mpyoHozo npoc-
mopy eeniocucmemu niONOPAOKOBAHUL KEAOPAMHIlL napaboui, a po3nooin
mypoyiIeHmHux MmenionpogioHocmeil I, 6iON0GIOHO, memnepamyp —
KYOiuniti. Ananimuyno ompumaHno KyOiuHe 4quciose pDIiGHAHMS, OIUCHUM

2I0POOUHAMINHUX — XAPAKMEPUCTUK

Kopenem fiKo2o € be3posmipne uucio Bl wo euxopucmosyioms ons
3HAXO0O0CENHsL Koeiyicnmie mennogiooaui menionociie 3a 6yob-aKoi
memnepamypu ma weuOKoCmi pyxy 8 mypoyieHmHoMy ma nepexioHomy
pearcumax. Ompumano chie8iOHOUWEHHS 01l 3HAXOOHCEHHS yucen Bly,, 0ns
NEPEXiOHUX PeNHCUMI8 PYXY, SKI 30e0iIbul020 pednizylomsvcs 6 2eliocuc-
memax. Ipagiuno 6idobpadiceno po3noodin mypoOyIeHmHux menionpo-
sionocmett kyy, (Bm/m-K) (a maxosc memnepamyp, T K) i weuoxocmei
V (m/c) y nomoyi 3 sinbhoto myp6ynenmuicmio 0ns 600H020 posuuny 37 %
NPONiNeH2IIKON0 3a weudkocmi 6 yenmpi sopa nomoxky V= 0,93 m/c ma
memnepamypu 343 K 'y mpy6romy npocmopi ceniocucmemu diamempom
D =0,021 m.

Kniwouosi cnosa: nepexiona, mypbynrenmua 8 a3Kicme i menno-
nposioHicmo,
(JIILL), roegiyienm no6epxHe8o20 HAMs2Y MENIOHOCIsA, AHANTMUYHe
KYOiuHe Yucioge piGHsIHHSI.

cepeons MOGWUHA JIAMIHAPHO20 NPUMECOB020 APy



